Bilayered micelles, or bicelles, which consist of a mixture of long-and short-chain phospholipids, are a popular model membrane system. Depending on composition, concentration, and temperature, bicelle mixtures may adopt an isotropic phase or form an aligned phase in magnetic fields. Well-resolved 1 H NMR spectra are observed in the isotropic or so-called fast-tumbling bicelle phase, over the range of temperatures investigated (10^40³C), for molar ratios of long-chain lipid to short-chain lipid between 0.20 and 1.0. Small angle neutron scattering data of this phase are consistent with the model in which bicelles were proposed to be disk-shaped. The experimentally determined dimensions are roughly consistent with the predictions of R.R. Vold and R.S. Prosser (J. Magn. Reson. B 113 (1996)). Differential paramagnetic shifts of head group resonances of dimyristoylphosphatidylcholine (DMPC) and dihexanoylphosphatidylcholine (DHPC), induced by the addition of Eu 3 , are also consistent with the bicelle model in which DHPC is believed to be primarily sequestered to bicelle rims. Selective irradiation of the DHPC aliphatic methyl resonances results in no detectable magnetization transfer to the corresponding DMPC methyl resonances (and vice versa) in bicelles, which also suggests that DHPC and DMPC are largely sequestered in the bicelle. Finally, 1 H spectra of the antibacterial peptide indolicidin (ILPWKWPWWPWRR-NH 2 ) are compared, in a DPC micellar phase and the above fast-tumbling bicellar phases for a variety of compositions. The spectra exhibit adequate resolution and improved dispersion of amide and aromatic resonances in certain bicelle mixtures. ß
Introduction
Due to stringent requirements for spectral resolution, high-resolution NMR studies of membrane proteins almost exclusively involve detergents or detergent mixtures, rather than more biologically mimetic membrane models. This frequently raises concerns over protein misfolding and the degree to which enzymatic activity is preserved. Since a micelle typically contains 50^100 detergent molecules, serious concerns also arise regarding the small radius of curvature and the lack of a true lipid bilayer. Small unilamellar vesicles, which consist of single phospholipid bilayers, fare better as membrane models though their size and consequent 10^100-fold increase in rotational tumbling times (and line widths) prevent their application in conventional high-resolution NMR studies [13] . Recently, a new class of amphiphilic surfactants, referred to as amphipols, have been shown to readily solubilize membrane proteins in their native states [4, 34] . Amphipols or amphipold etergent mixtures may provide a better medium for some membrane proteins, from the perspective of resolution, if the aggregate size is smaller than in micelles. In rare circumstances, it may be possible to disregard the`rules' and obtain three-dimensional structures of the native fold of membrane proteins, in a completely non-membrane mimetic environment, such as an organic solvent mixture [7] .
Detergent micelles or micelle mixtures commonly consist of amphiphiles such as dodecylphosphocholine, L-D-octyl glucoside, or sodium dodecyl sulfate [35] . The detergent head groups may be designed to physically mimic the surface of a biological membrane. This may be useful in helping to promote the proper fold of many amphiphilic or surface associating membrane proteins. Moreover, a variety of water soluble peptides fold only upon addition of detergent [2, 5] . Nevertheless, a variety of membrane peptides may require particular environments, in order to adopt their native fold. Antibacterial peptides represent one such example. Their speci¢city toward prokaryotic membranes is in many cases known to be related to physical properties such as the presence of negatively charged lipid, the presence of a transmembrane potential, or the in£uence of particular amphiphiles such as phosphatidylserine, cholesterol or phosphatidylethanolamine [9, 10] . It is possible that a particular range of lipid compositions, unique to bacterial cells, give rise to a particular peptide structure and consequent antimicrobial activity. Therefore, it is desirable to employ a membrane mimetic, which reproduces many such features of bacterial membranes, in high-resolution (HR) NMR studies of antibacterial peptides. Fast-tumbling bicelles [37] are an ideal membrane mimetic in this regard 1 . Bicelles have been enormously popular as model membrane systems for solid-state NMR [24,26^28] . A bicelle mixture, which consists of long-chain phospholipids, such as dimyristoylphosphatidylcholine (DMPC), and short-chain phospholipids, such as dihexanoylphosphatidylcholine (DHPC), in a molar ratio, q, between 2.8 and 5, adopts a magnetically alignable liquid crystalline phase, between approx. 37 and 45³C. This phase is known to consist of DMPC-rich bilayer domains, separated by DHPC defect regions. The observation that the 31 P and 2 H NMR spectra of the DHPC component of oriented bicelles are isotropic, prompted the model in which bicelles were proposed to consist of disk-shaped bilayer domains, whose edges were coated by a curved DHPC rim. The resulting disks were further hypothesized to adopt a nematic discoidal liquid crystalline phase. Though it is undisputed that magnetically aligned bicelles consist of long-chain lipid bilayers, their long range order or morphology has been brought into question with recent polarized microscopy measurements, in which the defect patterns of bicelles are revealed to be characteristic of a lamellar phase [31] . This is also supported by recent small angle neutron scattering (SANS) dilution measurements (i.e. dependence of average interparticle spacing with concentration) [17] . The lamellar liquid crystal consists of lipid bilayer domains, made predominantly from the long-chain phospholipid(s), and interspersed with DHPC defect regions. These defects may adopt a toroidal-like structure, within or between adjacent bilayers [21] . The magnetic anisotropy of the lipids is such that the average bilayer normal aligns perpendicular to the magnetic ¢eld [22, 24] . This di¡erence between the classic and current model of bicelle morphology is to some extent academic, since magnetically alignable bicelles remain as a useful model membrane system for studies of membrane peptides in aligned lipid bilayers.
Bicelles can also be adapted for HR NMR pur-poses. Vold et al. [37] demonstrated that for compositions, q, between 0.5 and 1.0, complete HR 1 H NMR spectra of small membrane associated peptides such as mastoparan were observed. As in the original bicelle model, the fast-tumbling bicelles were also postulated to be disk-shaped. The motivation for the use of isotropic bicelles over micelles in NMR studies of membrane associated peptides is not only that the composition and conditions can be varied to better reproduce speci¢c biological membranes, but that the bicelle interior consists of a true lipid bilayer, while DHPC is believed to be sequestered to the rim of the disks. Alternatively, DHPC and DMPC could simply adopt a mixed micellar phase, in which DHPC and DMPC are not truly sequestered. At issue in this paper are the morphology and dimensions of the fast-tumbling bicelles. Based on SANS and speci¢c NMR experiments, this paper provides strong evidence that fast-tumbling bicelles consist of disk-shaped aggregates rather than mixed micelles. A similar ¢nding regarding isotropic bicelles, in which the same conclusions are drawn from light-scattering, NMR, and £uorescence data, is being independently reported [8] . Together, these two studies validate the use of isotropic bicelles as membrane mimetic media for high-resolution NMR studies of membrane peptides.
Materials and methods
20% (w/w) bicellar dispersions consisting of phospholipid, 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol (DMPG) and detergent, 1,2-dihexanoyl-snglycero-3-phosphocholine (DHPC), were prepared in 90.0% 2 H 2 O (Isotec, Miamisburg, OH) and 10% H 2 O, and later diluted as needed. All lipids were obtained from Avanti Polar Lipids (Alabaster, AL) and used without further puri¢cation. A small amount of negatively charged lipid, DMPG, such as DMPC/DMPG = 20, was typically included in the bicelles [16] . In the paramagnetic shift experiments, DMPG also served to con¢ne the majority of (positively charged) shift reagent to the presumed planar bilayer surface of the bicelles. Long-chain to short-chain lipid ratios (i.e. (DMPC+DMPG)/ DHPC, referred to hereafter as q) of 0.2, 0.5, and 1.0 were used. The samples were vortexed, followed by a few cycles of freeze thawing and centrifuging, after which a clear solution was obtained. Eu(III)-chloride hexahydrate (99.99%) was obtained from Aldrich Chemicals (Milwaukee, WI). After titrations, samples were mixed and allowed to equilibrate in the magnet for at least 20 min, before acquiring a spectrum.
Nuclear Overhauser e¡ect spectroscopy (NOESY) and shift NMR experiments were performed on a Varian Inova 500 MHz high-resolution spectrometer, using the 1 H channel of a 5 mm triple resonance inverse probe. One-dimensional spectra were acquired using a simple presaturation pulse of 1.5 s duration, applied to the water. Typically, 32^64 scans were obtained. All spectra were referenced to the aliphatic methyl DMPC peak which was de¢ned to be 0.883 ppm, since the aliphatic DMPC methyl group should be least a¡ected by the shift reagent. Homonuclear NOESY [15] Unshifted fast-tumbling bicelle 1 H NMR spectra were assigned by making use of the work of Hauser et al. [11] on DMPC in small unilamellar vesicles. DMPC and DHPC resonances in spectra in which Eu 3 shift reagent had been added, could be assigned by monitoring resonances through a careful progression of titrations, while two-dimensional NOESY spectra were used to con¢rm assignments and distinguish between DMPC and DHPC resonances.
Magnetization exchange experiments were performed on a Bruker 400 MHz DMX spectrometer by selectively saturating or inverting either the DHPC aliphatic or DMPC aliphatic resonances, using selective pulse lengths between 0.10 and 0.25 s, prior to the mixing period. A range of mixing (exchange) times from 0.001 to 9.0 s was used and a su¤cient number of scans was acquired such that a 0.5% de£ection in peak intensity through exchange could be detected.
Using a Bruker 4000 DMX and standard HNC inverse detect probe, 1 H NMR WATERGATE spectra [20] o¡ the membrane peptide, indolicidin (ILPWKWPWWPWRR-NH 2 ), were acquired in various 15^20% (w/w) micelle and bicelle, in which the solvent consisted of 95% H 2 O/5% 2 H 2 O. The lipid/ peptide ratio or detergent/peptide ratio was approx. 50:1 and completely protonated lipids and detergents were used, with no attempt to selectively saturate the lipid or detergent resonances. SANS scattering experiments were conducted using the NG3 and NG7 30 m instruments [6] at the Center of Neutron Research, located at the National Institute of Standards and Technology (Gaithersburg, MD). For most experiments, the wavelength (V) used was 5 A î , covering a Q-range between 0.004 A î 31 and 0.3 A î 31 , where Q is de¢ned as (4Z/ V) sin(a/2), and where a represents the angle between the incident and scattered beams. The two-dimensional raw data were corrected for dark current background (intrinsic to the detector) and empty cell scattering and put on an absolute scale (crosssection per unit volume) by a procedure that estimates neutron £ux on the sample. The data were then circularly averaged to yield a one-dimensional intensity distribution, I(Q).
Results and discussion
3.1. The bicelle model: implications of size and morphology for high-resolution NMR studies Fig. 1 depicts a bicelle, consisting of short-and long-chain phospholipids (i.e. DHPC and DMPC), and the appropriate nomenclature for speci¢c protons. Typically, a small amount (5%) of negatively charged long-chain lipids (DMPG) are incorporated as discussed above [32] . DMPG would be expected to be located primarily in the planar bilayer region with DMPC. As shown in Fig. 1 , DMPC lipids predominate in a disk-shaped bilayer domain of radius R, which is coated with a DHPC rim of radius h/2. Assuming the DMPC and DHPC head groups occupy the same molecular cross-sectional areas, the molar ratio of long-to short-chain phospholipid may then be expressed as [36] 
This assumes that the lipids self-assemble and adopt a single morphology. Under the additional assumption that there is no phase separation, the above equation may be rearranged to give an expression which predicts the bicelle radius as a function of the molar ratio [36]
The dimensions are critically important for both achieving an aggregate size which is su¤ciently small to be compatible with HR NMR resolution requirements, while at the same time maximizing the amount of bilayer lipid (DMPC and DMPG). Typically, molar ratios between q = 0.5 and q = 1.0 give acceptable 1 H spectral resolution for high-resolution NMR studies of small membrane peptides [37] . Detergent micelles, which are smaller than q = 0.5 bicelles, o¡er slightly better resolution at the cost of being less representative of a membrane. For micelles of radius r in a solvent of viscosity R, undergoing reorientational di¡usion, a characteristic correlation time is given by [38] d c 4Z R r Fig. 1 . The bicelle model, in which the disk-shaped bicelle consists of long-chain phospholipids (DMPC and DMPG), which predominately exist in the planar bilayer domain, and are coated by a rim of short-chain phospholipids (DHPC). R designates the bicelle disk radius, while h designates the total bilayer thickness (i.e. hydrophobic (L) plus hydrophilic (2t)).
Though it is possible to derive the rotational correlation times for a given geometry, using hydrodynamic theory [33] , the scaling of the e¡ective correlation time with bicelle size can be approximated, using simple inertial arguments. Assuming a bilayer width of 42 þ 4 A î , determined from SANS ¢ts (vide infra) we would predict bicellar radii ranging from 21 þ 3 A î for q = 0.2 bicelles, to 43 þ 4 A î for q = 0.5 bicelles and 77 þ 8 A î for q = 1.0 bicelles. The rotational correlation times, d N and d P , should be proportional to the square roots of the respective moments of inertia of a disk (i.e.
I N p ma2R 2 p and
, where m represents the bicellar mass. Thus, at a constant temperature, the following proportionalities can be derived
Using the above bicelle dimensions, we would thus expect the e¡ective correlation time of the q = 0.5 and q = 1.0 bicelles to be respectively 4U and 13U that of the q = 0.2 bicelle. As will be shown, the spectral resolution available from a q = 0.2 sample of the antibacterial peptide, indolicidin, is comparable to that available from a micelle. Thus, there is a range of bicelle compositions which would be expected to furnish a bilayer-like environment, while giving rise to HR NMR spectra.
SANS
Small angle neutron scattering is extremely useful for elucidating morphologies of aggregates such as vesicles, micelles, and bicelles. SANS scattering curves are routinely measured with Q-ranges between 0.004 A î 31 and 0.3 A î 31 . The resultant patterns give information regarding intralamellar or interparticle spacing, typical bilayer widths, basic morphologies, and aggregate sizes or size distributions. Moreover, since deuterium and hydrogen have dramatically different scattering densities, it is possible to substitute deuterated lipids or detergents, to focus on scattering from a particular amphiphile or region of an aggregate such as a bicelle. It is also possible to prepare a mixture of H 2 O and 2 H 2 O whose average scattering density matches the bilayer hydrophobic scattering Fig. 2. (A) SANS pro¢les of q = 1.0, and q = 0.2 bicelles at 10³C and 25% (w/w). In the most dilute case, both neutron scattering curves can be modeled by the bicelle (disk) model in which the bicelle is described by a planar bilayer radius, R, and a bilayer thickness, h. The ¢tted values of R are in good agreement with the predictions of Vold and Prosser [36] . The q = 1.0 and q = 0.2 samples exhibit a similar SANS pro¢le at all temperatures investigated. (b) SANS pro¢le of a q = 1.0 bicelle at 10³C and a range of concentrations (25^0.25% (w/w)). Note that the peak characterizing interparticle spacing is much less pronounced in the dilute bicelle mixture. density, such that the SANS pro¢le becomes sensitive to subtle structural features of the aggregate. The SANS pro¢le, I(Q), is typically modeled in terms of a form factor associated with the aggregate morphology (i.e. vesicle, micelle, bicelle, etc.). For example, a spherical shell model which has been used to describe the size (or distribution of sizes) of vesicles, in addition to bilayer widths, has been frequently invoked in SANS studies of vesicles [12] . Interparticle interactions also often a¡ect the scattering functions, though in many cases this may be separated by monitoring scattering pro¢les as the sample is diluted, and using the most dilute SANS pro¢le to determine the form factor.
The SANS pro¢les at 10³C for q = 0.2 and q = 1.0 fast-tumbling bicelles (25% w/w in 100% 2 H 2 O) are shown in Fig. 2A . In each case, a low Q plateau is observed between approx. 0.004 and 0.04 A î 31 , with a prominent peak at 0.1 A î 31 and 0.06 A î 31 respectively, followed by a steep drop in the scattering intensity towards 0.2 A î 31 . The plateau con¢rms the absence of larger aggregates, and reveals the upper size limit of the bicelles. The SANS pro¢le of a q = 3.2 sample (data not shown) is also observed to be consistent with the bicelle model at low temperatures. However, at higher temperatures, a distinct (non-bicellar) lamellar phase is observed in which aligned bilayers form at su¤cient magnetic ¢elds [17, 31] . The prominent peak in each of the SANS pro¢les can be associated with a typical interparticle spacing, h D = 2Z/Q peak . This interparticle spacing peak is gradually diminished as the sample is diluted and the scattering pro¢le becomes representative of the single particle form factor, as shown for the 0.25% trace in Fig. 2B . It should be emphasized that the SANS pro¢les predicted by the spherical shell model for vesicles or micelles are dramatically di¡erent from the observed scattering pro¢les [12, 17] . The possibility of polydisperse spheres was also considered using a variety of distributions; no suitable ¢t could be found. Finally, in the limited number of samples considered (q = 0.2, q = 0.5, and q = 1.0) there was little variation in the SANS pro¢les with temperature, which suggests that the same approximate morphology of the fast-tumbling bicelles is maintained from 10³C to 40³C.
Using a simpli¢ed version of the bicelle model, in which the bicelle is imagined as a cylinder of radius R and thickness h, the single particle form factor, P(Q), which describes the SANS pro¢les at low concentrations, may be written as [17] 
where V lipid and V hydrophobic represent the respective volumes of the total bilayer lipid and the hydrophobic portion of the bilayer, K represents the angle between the scattering vector, Q, and the bilayer normal, n, and J 1 (x) is the ¢rst order Bessel function. Note that the above expression distinguishes an inner hydrophobic layer of thickness, L, and two surrounding hydrophilic layers, of thickness, t, such that h = L+2t. The free parameters in the consequent ¢t of the data involve scattering length densities and volumes (b hydrophobic , b hydrophilic , b water , V lipid , and V hydrophobic ) [17] . b hydrophobic and b water can be precisely calculated, whereas b hydrophilic is related to head group hydration and may be estimated from the literature; these parameters are held constant in the ¢tting. Additional parameters include those associated with the bicelle morphology, namely the bilayer disk radius, R, and the hydrophobic and hydro- philic thicknesses, L and t. The parameters associated with thicknesses are also expected within a certain narrow range (30 A î 6 50 A î and 5 A î 6 t 6 10 A î ). The result of the analysis gives an estimate of the bicelle dimensions (Table 1) , which turn out to be very close to the values predicted by Vold and Prosser [36] . For example, for the q = 1.0 bicelle, the ¢tted parameter for the bicellar radius, R, is 71.4 þ 4 A î , at the lowest concentration, which compares favorably with the prediction of 77 þ 8 A î , using the formulae of Vold and Prosser [36] The morphology of the bicelles can be further distinguished by monitoring the interparticle spacing, . As shown in Fig. 3 , the power law approximately follows this ideal dependence. The slight deviation from ideality would be consistent with the formation of larger particles at lower concentrations. At concentrations below approx. 0.05 g/ml, a signi¢cant fraction of DHPC is known to be in exchange with solution [8] , which would e¡ectively result in a greater q, and thus particle size. No such deviations in the 31/3 dependence of h D with concentration of q = 3.2 bicelles at 10³C were observed.
High-resolution 1 H NMR
Through solid-state NMR, it is straightforward to di¡erentiate between the orientational properties of DHPC and DMPC and infer possible morphologies associated with magnetically aligned DMPC/DHPC mixtures. Early 31 P and 2 H NMR studies of bicellar mixtures helped delineate conditions under which bicellar mixtures formed an aligned bilayer phase (Sanders and Prestegard, 1990, [40] ). Later studies [36] made use of both chain perdeuterated DHPC and DMPC to conclude that DHPC resided on a curved rim, while DMPC existed in a planar bilayer of a DMPC/DHPC aggregate, in keeping with the original bicelle model. HR 1 H NMR spectra are much less informative in elucidating the possible morphology of bicellar mixtures in an isotropic phase 2 . At a given temperature, the 1 H NMR spectra of DMPC and DHPC of the above fast-tumbling bicelles (i.e. q = 0.2 to q = 1.0) are very similar, with the exception of the aliphatic terminal methyl pro- 1 H NMR WATERGATE spectra of the amide and aromatic region of indolicidin in fast-tumbling bicelles (q = 0.25, q = 0.5, and q = 1.0), DPC micelles, and water. The water spectrum was obtained using 64 scans while the micelle and q = 0.25 bicelle samples required 512 scans and the q = 0.5 and q = 1.0 spectra were obtained using 1024 scans. 
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The scattering length densities were ¢xed in the ¢t.
tons. The above SANS data clearly reveal conditions under which isotropic bicelles are observed. Though spectroscopically equivalent (or nearly so), DMPC and DHPC are presumed to be sequestered in the bicelle model. Using lanthanide shift reagents, there are two ways in which di¡erential paramagnetic shifts of DMPC and DHPC head group protons might be observed. The exposure of the head group protons to the shift reagent might be di¡erent for a small curved micellar surface or rim (DHPC) than that for the £at bilayer. Alternatively, if a small amount of negatively charged (DMPG) lipid is used in the bicellar mixture, the negatively charged lipid would be expected to homogeneously mix with DMPC in the planar bilayer region. Consequently, a slightly higher concentration of (positively charged) shift reagent might be observed in the bilayer region, resulting in greater pseudocontact shifts for DMPC head group peaks. On the other hand, if the DMPC/ DMPG/DHPC mixture is simply a mixed micelle, we would expect the addition of shift reagent to result in paramagnetic shifts but with little or no di¡erential shifting of the DMPC or DHPC resonances. As shown in the two-dimensional NOESY spectra in Fig. 4 , the addition of Eu 3 does indeed cause di¡er-ential shifts of speci¢c head group resonances. These shifts are similar to those originally observed by Hauser et al. [11] for a titration of Eu 3 to a small unilamellar vesicle (SUV) mixture of dipalmitoylphosphatidylcholine, or DPPC. The paramagnetic shifts, which for lanthanides are primarily dipolar in origin, are given by [18, 29] 
where L = eh/2mc, S is the spin of the paramagnetic species, and g N and g P are familiar electronic g-tensor quantities. W is a function of the concentration and coordination number of the paramagnetic species, and r IS represents the motionally averaged distance between the electronic and nuclear spins. Because the DMPC shifts are approximately proportional to those observed by Hauser et al. in SUVs, we conclude that the head group structure of DMPC in isotropic bicelles is similar to that in SUVs. Note that the choline, CH 2 N, and methylene resonances adjacent to the phosphate group all exhibit chemical shifts which are markedly di¡erent between DHPC and DMPC, upon addition of shift reagent. Careful titrations revealed the di¡erential shift trend to be the same over a 20-fold range of Eu 3 concentration (the NOESY spectrum represents the most (Eu 3 ) concentrated sample studied). Although lanthanides have been observed to alter lipid packing [1, 39] at high concentrations (DMPC/ Eu 3 W5), we attribute the above di¡erential shifts to the fact that DMPC and DHPC are sequestered to di¡erent regions of the bicelle, since these shifts are observed over a broad Eu 3 concentration range. Table 2 presents the lanthanide-induced shifts, for a DMPC/Eu 3 mole ratio of roughly 30. Note in particular that the addition of Eu 3 solution to the q = 0.5 bicelle results in (up¢eld) shifts of 30.252, 30,400, 30.458, and 30.597 ppm for the DPMC choline methyl, NCH 2 , CH 2 OP, and G 3 resonances respectively, as identi¢ed in Fig. 1 . The comparative DHPC shifts at this concentration are 30.210, 30.306, 30.249 and 30.562 ppm. Thus, the majority of the DHPC shifts are smaller than the DMPC shifts. We observe a similar trend in the q = 1.0 bicelle, though resolution and consequent sensitivity in the NOESY experiment are somewhat compromised. These observations are consistent with the hypothesis that the q = 1.0 and q = 0.5 systems are bicelles and that the local concentration of the Eu 3 is higher in the planar DMPC/DMPG region due to the presence of additional negatively charged lipid or possibly due to the di¡erence in the radius of curvature of the planar region and the rim. Thus, the lanthanide-induced DMPC shifts are greater than the DHPC shifts. The di¡erences in DMPC and DHPC shifts are also consistently larger in the q = 1.0 isotropic bicelle sample than in the q = 0.5 bicelle. We interpret this to mean that the DMPC and DHPC amphiphiles are more separated in the q = 1.0 sample, and occupy two distinct environments. It is possible that there is a greater degree of lipid exchange between the planar bilayer region and rim in the q = 0.5 bicelle. As a control, we measured similar spectra of DHPC alone as a function of Eu 3 concentration. In this case, none of the assigned 1 H resonances were observed to split into two or more resonances, upon addition of Eu 3 . High-resolution 1 H NMR can also determine the degree of demixing or the degree to which DMPC and DHPC are sequestered in the bicelle. One such experiment involves selective saturation or inversion of the aliphatic methyl peak of DHPC, followed by a mixing time (d m ) and subsequent measurement of the entire spectrum, to detect d m -dependent changes in peak height of the aliphatic methyl peak of DMPC (and vice versa). Such changes would arise from DHPC^DMPC cross-relaxation and would be expected to be prominent in a completely mixed aggregate (mixed micelle) with nearly equimolar constituents. Cross-relaxation should be much less pronounced in a demixed aggregate such as a bicelle. Huster et al. [14] have previously studied cross-relaxation phenomena in membranes between spectroscopically inequivalent DMPC resonances. A careful series of d m -dependent NOESY experiments on DMPC vesicles, under magic-angle spinning, revealed signi¢cant cross-relaxation. By employing different fractions of perdeuterated DMPC, the authors were able to determine that the bulk of lipid crossrelaxation arose from intermolecular contact rather than spin di¡usion. In our case, we made use of the two spectroscopically inequivalent aliphatic methyl peaks (DHPC and DMPC) to assess cross-relaxation and the degree of demixing. The analysis of such selective saturation or inversion experiments can be easily described by the Bloch equations and are described using two coupled di¡erential equations, which are parameterized by two independent exchange rates, and the respective spin-lattice relaxation times of DHPC and DMPC methyl groups [3] .
The above cross-relaxation process is most easily studied by a di¡erent NOE experiment. Rather than selectively saturate a resonance, we utilized a selective Z pulse applied to the aliphatic methyl DHPC resonance in one case and the corresponding DMPC resonance in the second case. Using mixing times, d m , ranging from 0.5 ms to 9 s, and a su¤cient number of scans to reliably detect as little as a 0.5% change in the DMPC methyl peak, no cross-relaxation was observed in a q = 1.0 bicelle at 40³C (i.e. no change in the intensity of the unperturbed methyl resonance as a function of mixing time). This also proved to be the case when the methyl DMPC resonance was selectively irradiated. These experiments further validate the bicelle model in which DMPC and DHPC are proposed to be sequestered.
Lastly, to truly assess spectral resolution, it is important to compare HR 1 H NMR spectra of a membrane peptide in micelles and the fast-tumbling bicelles. The antibacterial peptide, indolicidin, whose sequence is ILPWKWPWWPWRR-NH 2 , is the perfect candidate for such studies. Indolicidin is the smallest of the known naturally occurring linear antimicrobial peptides and is known to permeabilize the outer membrane of Gram-negative bacteria by selfpromoted uptake [19] and is active against Grampositive bacteria, fungi, protozoa, and recently, HIV-1 [30] . The structure of indolicidin has recently been determined in DPC and SDS micelles [25] . This HR NMR study revealed that the backbone structure in DPC, which is well de¢ned between residues 3 and 11, is extended, with two half-turns at residues Lys-5 and Trp-8. The peptide has a central hydrophobic core and is bracketed by positively charged regions near the peptide termini. The peptide was observed to adopt a wedge shape, with Trp-8 most deeply buried in the membrane [23] . At lipid/peptide ratios of approx. 50 or more, indolicidin is found to be fully bound and immersed into the bicelle or micelle [25] . Therefore, under the conditions of the experiments in this study, no additional motional averaging of indolicidin would be expected from exchange on and o¡ the surface. Fig. 5 shows the amide and aromatic regions of the 1 H NMR spectra of indolicidin in water, DPC micelles and three fasttumbling bicelle systems. The bicelle spectra are sim-ilar to the micelle spectrum though all three (q = 0.25, q = 0.5, and q = 1.0) exhibit improved dispersion, particularly in the amide region. Greater dispersion would be expected for a well-formed helix, particularly if a portion of the peptide was more deeply immersed in the membrane, while the remainder was exposed to the water interface. Clearly the q = 0.25 and q = 0.5 bicelles give acceptable resolution, whereas one might consider using the q = 1.0 bicelle in combination with 13 N-or 15 N-labeled peptides. Note that the baseline distortions in the q = 0.5 and q = 1.0 bicelles simply arise from the overwhelming lipid signal which was not attenuated in these experiments.
Conclusions
The isotropic bicelles are an ideal model system for high-resolution NMR studies of membrane peptides. Their particular advantages include the fact that the bicelle size (i.e. R) can be controlled by varying the molar ratio, q, of long-chain phospholipid (DMPC and DMPG) to short-chain phospholipid (DHPC). SANS data show that between compositions of q = 0.2 and q = 1.0 and temperatures of T = 10³C and 40³C, bicelle mixtures adopt the idealized diskshaped morphologies, in which the planar bilayer radius, R, ranges from 21 A î (q = 0.2) to 77 A î (q = 1.0). The bicelle model is also consistent with SANS measurements of q = 3 bicelle mixtures at low temperatures only (10³C). Dilution experiments, in which the interparticle spacing is measured by SANS as the bicelle mixtures are diluted, further validate the bicelle model. HR 1 H NMR experiments reveal that although DMPC and DHPC resonances are identical, with the exception of the aliphatic methyl resonances, the addition of paramagnetic shift reagent, Eu 3 , causes substantial di¡erential shifts of DMPC and DHPC head group resonances. In the presence of a small amount of DMPG, the largest shifts are observed with the DMPC resonances. This e¡ect is attributed to the fact that DMPC and DHPC are sequestered in separate environments, consistent with the bicelle model. The bicelle model is further tested by an exchange experiment in which one methyl resonance is selectively inverted, while cross-relaxation is monitored to the other methyl resonance during a mixing time, d m . No cross-relaxation was observed for a large range of mixing times, in the q = 1.0 bicellar mixture at 40³C, implying that DMPC and DHPC are primarily demixed, or sequestered, as proposed in the bicelle model. These experiments could be extended by exploring cross-relaxation e¡ects after addition of shift reagents, in which case DHPC and DMPC could be easily discriminated. Finally, HR 1 H NMR of the peptide indolicidin in q = 0.25 and q = 0.5 bicelles reveals excellent resolution and dispersion, in comparison with spectra obtained in micelles.
Additional SANS experiments are underway to map out the complete morphology of bicelles under conditions of temperature and a variety of compositions. These measurements will be made in parallel with NMR studies assessing spectral resolution in membrane peptide studies.
